We examined tau haplotype frequencies in two different ethnical groups from the Basque Country (BC): Roma people and residents of European ancestry (general population). In addition, we analyzed the spatial distribution of tau haplotypes in Eurasian populations to explore the genetic affinities of the Romani groups living in Europe in a broader scope. The 17q21.31 genomic region was characterized through the genotyping of two diagnostic single nucleotide polymorphisms, SNPs (rs10514879 and rs199451), which allow the identification of H1 and H2 haplotypes. A significant heterozygous deficit was detected in the Romani for rs10514879. The H2 haplotype frequency proved to be more than twice in the BC general population (0.283) than in the Roma people (0.127). In contrast, H2 frequency proved to be very similar between Basque and Hungarian Romani, and similar to the H2 frequencies found in northwestern India and Pakistan as well. Several statistical analyses unveiled genetic structuring for the MAPT diversity, mirrored in a significant association between geography and genetic distances, with an upward trend of H2 haplotype frequencies from Asia to Europe. Yet, Roma samples did not fit into this general spatial patterning because of their discrepancy between geographical position and H2 frequency. Despite the long spatial coexistence in the Basque region between the residents of European ancestry and the Roma, the latter have preserved their Asian genetic ancestry. Bearing in mind the lack of geographical barriers between both ethnical groups, these findings support the notion that sociocultural mores might promote assortative matings in human populations.
Introduction
Over the recent years, much thought and investigation have been done on the structural diversity of the 17q21.31 genomic region of human chromosome 17, due essentially to its association with several neurodegenerative disorders such as Alzheimer's and Parkinson's diseases, sporadic frontotemporal dementia, progressive supranuclear palsy, amyotrophic lateral sclerosis and corticobasal degeneration, among others (Skipper et al. 2004; Ballatore et al. 2007; Zody et al. 2008; Arendt et al. 2016; Woerman et al. 2016) . These pathologies are all characterized by the presence of abundant filamentous deposits of hyperphosphorylated Tau protein in nerve cells and glial cells, known as neurofibrillary tangles (NFTs). Such proteins are coded by the microtubule-associated protein tau (MAPT) gene and are involved in the regulation of the nucleation, elongation, and stabilization of neuronal microtubules (Lee et al. 2001; Ballatore et al. 2012) .
The MAPT gene is located within a 1.5-Mb linkage disequilibrium block of human chromosome 17 (Myers et al. 2007) . A substantial part of this genomic block (970 kb) may be inverted in some chromosomes, which allows the identification of two distinct haplotype clades, termed H1 (direct orientation) and H2 (inverted orientation) (Baker et al. 1999; Stefansson et al. 2005) . In addition to the complex genomic architecture of the 17q21.31 inversion, Miguel A. Alfonso-Sánchez and Ibone Espinosa contributed equally to this work.
the tau region has also attracted the attention of the scientific community owing to the enigmatic origin of H1 and H2 haplotype clades in our species and the intriguing spatial spreading of this structural polymorphism (Zody et al. 2008; Rao et al. 2010) . Earlier investigations found notable differences in the geographical distribution of the MAPTrelated haplotypes (Evans et al. 2004) . Haplotype H1 has been widely predominant in all populations analyzed so far. Conversely, tau H2 haplotype is nonexistent or very scarce, with frequencies always <0.1 across the continents, excepting for populations of European ancestry, where H2 can reach frequencies of up to 0.38 (Evans et al. 2004 , Stefansson et al. 2005 .
In the present study we examined tau haplotype frequencies in two ethnically distinct human groups from the same region of northern Spain: the Roma people settled for generations in the Basque Country, and the general population from this geographical area. Our main anthropological interest was obviously focused on the Romani population. The Roma people or Gypsies constitute a broadly disseminated ethnic group, mostly characterized by the lack of a specific nation-state, the practice of different religions, the existence of different languages, and the presence of a wide spectrum of divergent groups separated by very strict sociocultural mores, including those concerning marriage patterns (Kalaydjieva et al. 2005 ). In the Roma society, the primary unit is the group, and groups are members of metagroups. They live in a closed-society structure, with unusual admixture with other populations and a relatively high rate of consanguineous matings in several Roma communities (Assal et al. 1991; MartinezFrias and Bermejo 1992) .
Both the origins and the early demographic history of the Roma have been controversial topics among the scientists owing to the lack of well-documented records (Hancock 1993 ). Yet, some linguistic and genetic evidences seem to indicate that the Roma people originated in India. Nowadays, most philologists allege that Romani language probably evolved in the northwestern region of India as a result of the confluence of widely spoken languages close to Sanskrit (Beníšek 2010; Bakker and Monrad 2011) . Concerning genetic evidences, unambiguous signals of the Indian ancestry of the Roma people are obtained from Y chromosome haplogroup H1a1a-M82 (Rai et al. 2012) , mtDNA haplogroup M (Mendizabal et al. 2011 ) and the pathogenic 1267delG mutation in the gene encoding for the epsilon subunit of the acetylcholine receptor (CHRNE) causing autosomal recessive congenital myasthenia, found on the same ancestral chromosomal background in Roma, Indian and Pakistani subjects (Morar et al. 2004) . The combined evidence suggests that the Roma migrated from the Punjab region of northwest India 1000-1500 years ago and traveled through Asia (along Persia, today's Armenia and Turkey). The mainstream moved into the Balkans and Greece and some of them into Eastern Europe ahead of the Turks. Early diaspora appeared in Western Europe around the period from the fourteenth to the fifteenth century, and another wave of migrations to Western Europe started after the abolition of serfdom in the Habsburg Empire in 1841, and recently from 1989 after the disappearance of the Iron Curtain (Kalaydjieva et al. 2005) .
The current Roma population in Europe is estimated at around 10 million people (European Communities 2004) , and the largest communities are located in Central and Eastern Europe. According to recent estimates, Bulgaria, Hungary and Romania are the Eastern European states with the highest number of Roma people. In Western Europe, Spain features the highest number of Romani (Corsi et al. 2008) , with a population ranging between 700,000-970,000 inhabitants mostly concentrated in Andalusia (La Parra et al. 2013) . It has been argued that the arrival to Spain was through the Pyrenees in the early fifteenth century, with the first documented presence of Roma individuals in Barcelona in 1425 (Callén et al. 2005) .
Bearing in mind that the 17q21.31 inversion is a structural polymorphism, the probability of MAPT genomic region being affected by back-mutations or recurrent mutations is practically zero. For that reason, analysis of tau haplotype frequencies might be suitable to detect ancient genetic affinities and the potential effects of gene flow and genetic drift in shaping the gene pool of the human populations. As previously mentioned, in this work we have examined the frequencies of the tau haplotypes in two human groups from the Basque Country, with particular emphasis on the Roma people, through the analysis of two diagnostic single-nucleotide polymorphism (SNP) markers (Donnelly et al. 2010; Steinberg et al. 2012) . To widen the scope of our results, we also explored the geographical distribution of tau H2 haplotype in the Eurasian context using data compiled in the relevant literature, in an attempt to provide further evidence on the Asian ancestry of the Roma people settled in Europe for centuries.
Materials and methods

Population samples
In this study, a total of 67 Roma individuals living in Biscay province (Basque Country, North Spain) were genotyped. Only those individuals that self-identified as Roma people were considered in the sampling process. Likewise, the Roma collection included only persons with Iberian origins to minimize the within-group genetic heterogeneity. Samples were collected in health centers and public schools with high Romani attendance and in Roma family houses. A methodical description of the sample can be consulted in Poveda et al. (2012) . Written informed consent was obtained from all study participants and from their parents or guardians in the case of minors. Permission to carry out the study in the public centers was requested from the head of each center.
In addition, a sample of 23 individuals from the resident population of Bilbao was included in the analysis as a reference group. For this latter group, no autochthony criterion (e.g., Basque origins of the subject and its ancestors) was considered in the sampling process; thus, this collection was considered to be representative of the Spanish population. To avoid the existence of close genetic kinship among the members of these samples, ancestry of individuals was assessed by biographical information traced back at least two generations. In this way, all voluntary donors were healthy individuals without kinship relationships of first or second degree.
Ethical guidelines for research with human beings were adhered to as stipulated by the Institutional Review Board from the University of the Basque Country (UPV/EHU). The study protocol was approved by the Ethics Committee of the cited institution.
SNP typing
Genomic DNA was isolated from saliva samples using the Oragene DNA sample collection kit OG-250 (DNA Genotek, Ottawa, Ontario, Canada) according to manufacturer's instructions. Genetic characterization of the 17q21.31 genomic region was carried out by analysis of the SNPs rs10514879 and rs199451 using high resolution melting (HRM) assay. We typed the SNP markers using the following primer pairs: 5' TGA GAT CCG GCA GAT AAA TG TG 3' (forward) and 5' AAT GGA CTC TGA AAT CTC ACT GTC 3' (reverse) for rs10514879 (Donnelly et al. 2010) , and 5' TCA GAG ACT CAA GCT AAT AG 3' (forward) and 5' TGA TTC ACC ATA CTC CTT TCC C 3' (reverse) for rs199451 (Steinberg et al. 2012) . Purified DNA templates were amplified in a Bio-Rad C1000 real-time thermal cycler (Bio-Rad Laboratories, Hercules, CA) using a Bio-Rad CFX96 optical reaction module. Real-time PCR reactions were performed in a final volume of 5 µl using the following reagents: 0.15 µM of each primer, 2.5 µL of SsoFast™ EvaGreen® supermix (Bio-Rad) and 15 ng of genomic DNA. The PCR conditions for the SNP rs10514879 were as follows: initial denaturation at 98°C for 3 min; 39 cycles at 98°C for 10 s and 61.2°C for 30 s (58.2°C for the SNP rs199451). The plate read was taken after an initial step of 10 s at 95°C and 65°C for 2 min. The melt curve was from 65°C to 95°C with an increment of 0.5°C each after 5 s. Melting profiles were analyzed with the Bio-Rad Precision Melt Analysis Software v1.0 (Bio-Rad).
Statistical analysis
Allele frequencies of the SNP loci examined were estimated by direct counting.
Hardy-Weinberg equilibrium (HWE) was assessed by a Fisher's exact probability test to estimate P-values, using the Arlequin v3.5 program (Excoffier and Lischer 2010) . Allelic combinations of the SNP loci rs10514879 and rs199451 were then used for the assignment of the MAPT haplotypes H1, H2' and H2D. According to previously published works, alleles A and G of rs10514879 allow accurate identification of H1 and H2 tau haplotypes, respectively (Donnelly et al. 2010) . Likewise, allele G of rs199451 discriminates the haplotypes without duplications (H1 and H2'), whereas allele A is suitable to identify haplotype H2D, which is the variant with interspersed duplications of H2 (Steinberg et al. 2012) .
Tau haplotype frequencies from previous studies were compiled to assess the genetic relationships of both BC Roma and BC general population in a broader geographical scope. A total of 33 Eurasian populations previously typed for the targeted SNPs were utilized for the assays. Populations considered in such analyses, sample sizes, and the corresponding references can be consulted in Supplementary Table S1 . Bearing in mind the paucity of data for tau H2' and H2D haplotypes in the Indian populations, comparative analyses were specifically focused on H1 and H2. These haplotype frequencies were employed in determining the fraction of genetic variability attributable to differences within and among populations through the analysis of molecular variance, AMOVA (Excoffier et al. 1992; Weir and Cockerham 1984) . AMOVA tests were carried out considering two (Asia and Europe) and three (Europe, Middle East and South Asia) population clusters classed according to geography. In the first of them, Caucasian populations from the Middle East (Palestinians, Bedouins, Samaritans and Druze) were included into the European cluster. Two alternative AMOVA tests were planned, in an attempt to ascertain maximum genetic variance between groups (F CT ) and minimum genetic variance among populations within groups (F SC ): one of them including Romani samples (Basque Country and Hungarian Olah Roma) within the European group (case a), and an alternative one where both Roma collections were classified as Asian populations (case b).
We further investigated the spatial trend of the haplotype frequency distributions in a system of moving coordinates to detect potential frequency gradients (genetic clines). This analysis was performed by calculating the linear regression of the tau haplotype frequencies (H1and H2) in a series of populations using the GenoCline program (Peña et al. 2016 ).
This software rotates a virtual coordinate axis in consecutive iterations of one degree each until completing 360 degrees. The position of all the populations is projected on this rotated axis in every iteration. Then the program carries out both the linearity test and the Pearson product-moment correlation coefficient between haplotype frequencies and the coordinates of the populations with respect to the virtual axis. A statistically significant association (P < 0.05 in the linearity test) between both variables will be indicative of a spatially patterned distribution of the haplotype frequencies, that is, of a haplotype frequency cline. In those cases where, for the same tau haplotype, more than one statistically significant association is obtained between frequency and spatial distribution, the program will select that direction of the axis for which the coefficient of determination (r 2 ) rendered its maximum value. Finally, a Mantel test of matrix correspondence (Mantel 1967) was applied to evaluate the concordance between genetic and geographical distances of the populations involved. To that end, haplotype frequencies were employed to compute F ST genetic distances among populations (Reynolds et al. 1983) with the Arlequin v3.5 program. Geographical distances were calculated from geographical coordinates and considering the curvature of the terrestrial surface using the GenoCline software (Peña et al. 2016) .
Results
Allele frequencies for diagnosis SNPs (rs10514879 and rs199451) as well as haplotype frequencies in the two Basque Country samples (BC Roma and BC general population) are summarized in Table 1 . In accordance with the relative population isolation of the Romani owing to sociocultural constraints, observed heterozygosity values were lower in the Roma people than in the BC general population for both SNP markers. Accordingly, average heterozygosity was also lower in the Roma (0.163) than in the general population (0.341). No significant departure from HWE expectations was detected in the reference population of the Basque Country (Table 2 ). In contrast, rs10514879 showed a significant deviation from HWE expectations in the Romani sample. As can be inferred from the observed (Ho: 0.134) and expected (He: 0.222) heterozygosity values, heterozygous deficit seems to underlie the disequilibrium. Regarding tau haplotypes, the frequency of H2 in the BC general population (H2' + H2D: 0.283) proved to be more than twice of that obtained for the Romani population (0.127).
AMOVA results based on tau haplotypes (Table 3 ) revealed statistically significant values for the fixation indices F CT and F SC (P < 0.0001), thereby indicating spatial patterning (or geographical structuring) of the interregional and intraregional genetic diversity, respectively. In all AMOVA analyses, the combination yielding the highest value of genetic heterogeneity between continental clusters (F CT ) and the lowest value of genetic variation among populations within groups (F SC ) was the one considering Roma populations from the Basque Country and Hungary as members of the Asian group (cases b in Table 3 ).
We further investigated the spatial distribution of the haplotype frequencies in a system of moving coordinates to detect potential genetic clines. Regression line of the H2 haplotype frequencies on the rotated geographical coordinates of 35 European and Asian populations are illustrated in Fig. 1 . In line with the AMOVA findings, we detected a clear differentiation between European and South Asian populations in terms of tau H2 haplotype frequencies, with a conspicuous upward trend from Asia to Europe. Bearing in mind that H1 and H2 haplotype frequencies are complementary, H1 frequency cline showed exactly the opposite orientation. Linear regression analysis pointed toward a statistically significant influence of the geographic position on the H2 frequency (P < 0.001 in the linearity test), a result endorsed by a relatively high value for the coefficient of determination (r 2 = 0.515). Interestingly, an additional regression analysis performed by excluding the two Romani populations revealed a substantial increase of the linearity between geographical coordinates and H2 haplotype frequencies (r 2 = 0.623), suggesting that the heterogeneity in the association between these variables seems to be introduced by the Roma samples.
No overlapping of the haplotype frequencies was detected between European and Southern Asian populations. In South Asia, H2 haplotype frequency peaks at 0.122 in Mohanna, whereas the lowest frequency in Europe (0.157) has been reported for Denmark (Donnelly et al. 2010) . Results generated by a Mantel test of matrix correspondence also indicated a statistically significant association between pairwise F ST genetic distances (computed from haplotype frequencies) and the geographical distances of the (Donnelly et al. 2010) , Iceland (Stefansson et al. 2005) , Germany, Serbia (Winkler et al. 2007 ), UK (Fung et al. 2005) , France (Evans et al. 2004 ), Italian collections from Sardinia, Tuscany (Donnelly et al. 2010) , Brescia (Ghidoni et al. 2006) and Bergamo (Evans et al. 2004) , Norway (Skipper et al. 2004) , Hungary (Almos et al. 2008) , and Hungary Roma (Almos et al. 2008) and BC Roma (present study) in case targeted populations (r = 0.432; P < 0.0002), which further supports the increasing trend of the H2 frequencies from Asia to Europe. The matrix of pairwise F ST genetic distances, statistical significance (P-values), geographical coordinates of populations and pairwise geographical distances can be consulted in supplemental material (Supplementary Tables 2, 3 , 4 and 5, respectively).
As for the Romani samples, both the study population as well as the Hungarian Roma plotted relatively distant from the statistical trend represented by the regression line. Tau H2 frequency proved to be very similar between Romani from the Basque Country (0.093) and from Hungary (0.102), and therefore, visibly lower than in Europeans. For that reason the two samples of the Basque region (BC Roma and residents of European ancestry) remained clearly separated on the regression graph. As expected according to ancestry, H2 frequency in the Basque general population (0.273) fitted to the variation range in Europe, which oscillates between 0.157 in Denmark and 0.375 in Sardinia (Donnelly et al. 2010) . A Fisher's exact test unveiled statistically significant differences (P < 0.00001) for H1 and H2 haplotype frequencies between BC Roma and BC general population.
Discussion
In this study we have examined the frequencies of the tau haplotypes in two different human groups from the Basque Country: resident population (with European ancestry) and the Roma people settled in this northern region of the Iberian Peninsula. We also analyzed the geographical distribution of tau H2 haplotype in Eurasian populations to explore the genetic affinities of the Romani groups living in Europe in a wider context. Among the most notable results was a different proportion of the inversion at the 17q21.31 genomic region in the Roma from the Basque Country relative to the resident population of this territory. Thus, BC Roma carried the tau H1 haplotype at a significantly higher proportion than the European-ancestry residents, in congruence with previous results obtained in a similar analysis between Roma (Hungarian Olah Roma) and non-Roma samples from Hungary (Almos et al. 2008) . Such a finding supports the notion that 17q21.31 structural variation might be used in combination with other autosomal genetic markers as a potential ancestry informative marker (AIM) in evolutionary, forensic, and population admixture studies.
Another important finding of this work was the spatial patterning of the MAPT diversity, inferred from the strong association between geography and tau haplotype frequencies. Yet, it should be highlighted that the two targeted Roma samples remained separated from the main trend represented by the regression line because, in spite of being geographically located in Europe, both collections feature H2 haplotype frequencies within the variation range of the South Asian populations (basically from the Indian subcontinent), which oscillates between zero in Thoti, Pathan and Kachari, and 0.122 in Mohanna (Donnelly et al. 2010) . Likewise, all northern Indian and Pakistani groups showed H2 frequencies comparable to those observed in the Romani populations settled in European territories (Hungary and the Spanish Basque Country), with the only exception of the Pathan sample. Such similarity regarding the MAPT inversion polymorphism might be a genetic trace of the geographical origin of the current Romani diaspora in Europe or, at least, it suggests a close genetic affinity between both human groups.
In recent years, several investigations based on a variety of genetic markers, including genome-wide-SNP loci (Mendizabal et al. 2012; Moorjani et al. 2013) , and uniparentally inherited markers, such as Y-chromosome and mitochondrial DNA (mtDNA) lineages or haplogroups (Martínez-Cruz et al. 2016) , have consistently situated the origin of the proto-Roma population in the northwestern region from the Indian subcontinent. Particularly, presentday Indian populations from Kashmir and Punjab have been postulated as strong candidates for being the source of the Indian ancestry in Roma. The close genetic relationships between European Romani and northern Indian populations derived from our analysis of the polymorphic inversion on the 17q21.31 genomic region strongly support this hypothesis, which is also compatible with findings from earlier linguistic and sociocultural studies (see Fraser 1992) .
Our findings on the MAPT inversion polymorphism failed to find clear evidence of genetic heterogeneity between Romani groups by genetic drift effects or differential admixture with European host populations, as has been stated in precedent studies (Mendizabal et al. 2012; Martínez-Cruz et al. 2016) . Two potential reasons might be argued to account for this discrepancy. First, the limited number of Romani samples included in our study due to the extreme paucity of MAPT population data in this ethnic group did not allow an exhaustive analysis of the genetic diversity among the European Roma. The second, and perhaps the more important, reason are the intrinsic features of the structural polymorphism examined. The polymorphic inversion at 17q21.31 is an extremely large block (∼ 970 kb) of high linkage disequilibrium. Accordingly, this genetic marker is more conservative of ancient population genetic relationships or, in other words, evolutionarily stable, because the probability of the MAPT genomic region being affected by recurrent or back-mutations is practically zero. The evolutionary stability of the MAPT inversion would also account for the close genetic relationships between the European Romani populations and the hypothetical proto-Roma populations from northwestern India and neighboring zones of Pakistan. Nevertheless, in explaining the genetic affinity between the European Romani and the northern Indian populations the effects of the genetic drift cannot be ruled out, bearing in mind both the small demographic size of the migrant Roma groups and the relative population isolation of the Romani people across time owing to a strong ethnicity.
As we have noted before, heterozygosity was visibly lower in the BC Roma population than in the BC general population. The significant heterozygous deficit (HardyWeinberg disequilibrium) detected in the Roma group for the SNP rs10514879 could be explained by the genetic effects of their closed-society structure and their reluctance to interethnic marriages, a phenomenon reflected in the high rates of endogamy and consanguinity among the Spanish Roma groups (Martinez-Frias and Bermejo 1992) . In a survey of the prevalence of congenital anomaly syndromes in a Spanish Romani population, Martinez-Frias and Bermejo (1992) estimated that the proportion of consanguineous matings in the Roma group was 16 to 19.5 times that in non-Roma. Likewise, these authors associated the high inbreeding level of the Romani population with a higher proportion of homozygotes for recessive conditions in the offspring and, accordingly, with a higher rate of recessive syndromes, namely seven times higher in the Roma community. Deeply rooted sociocultural mores could be a major factor limiting gene flow and population admixture by preventing the integration of immigrants into the recipient population and by increasing ethnic endogamy (Alfonso-Sánchez et al. 2001; . Summarizing, MAPT inversion has shown to be a robust, conservative and stable marker for evolutionary studies dealing with the genetic ancestry of a given human group. The analysis of the MAPT inversion polymorphism indicated that the European Romani groups displayed much more genetic affinity with populations from the northwestern region of the Indian subcontinent than with European populations, which in principle would be in agreement with the hypothesis of the origin of the protoRoma group in this Asian geographical area. In addition, even though MAPT inversions are conservative markers from the evolutionary viewpoint, they indirectly permitted evaluating the effect of stochastic evolutionary forces (genetic drift and gene flow) in the Eurasian context, taking into account that the survey of the spatial distribution of tau H2 frequencies unveiled a significant association between geography and genetics with a genetic cline from Asia to Europe.
An important added value of this work is the contribution of useful data from a highly endogamous human society. Roma population genetics represents a case study for understanding how a complex demographic history can impact the genetic make-up of a human population. In light of our findings, it can be deduced that, in spite of the prolonged coexistence between the Roma of the Basque Country and the rest of the European-ancestry community of this region, the Romani people have preserved a genetic background very similar to the hypothetical ancestral populations from the Indian subcontinent and with scarce influence of the European gene pool, which is in agreement with the findings reported for Hungarian Olah Romani (Almos et al. 2008) . The deeply rooted ethnicity and sociocultural restrictions of the BC Romani population could have acted as a barrier to random mating through continuing strong preference for in-marriage, so that a native gene pool with a negligible admixture rate would have been preserved. The results of this study constitute a good example of how ethnopsychology and sociocultural factors may have notably impacted the genetic make-up of human populations.
